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Highly localized heating can be obtained in plasmonic nanomaterials using laser excitation but the high
fluences required often produce unacceptable damage in and near irradiated components and structures.
In this work we show that plasmonic nanostructures involving aggregated Ag nanoparticles (Ag NPs)
can be heated effectively without attendant damage to the surrounding material when these structures
are irradiated with many overlapping femtosecond (fs) laser pulses at very low fluence. Under these
conditions, the effectiveness of heating is such that the temperature of 50 nm Ag NPs can be raised
to their melting point from room temperature. Aggregates of these NPs are then observed to grow into
larger spherical particles as laser heating continues. Imaging of these materials shows that the initiation of
melting in individual Ag NPs depends on the local geometry surrounding each NP and on the polarization
of the incident laser radiation. Finite difference time domain (FDTD) simulations indicate that melting is

Localized surface plasmon

triggered by localized surface plasmon (LSP)-induced electric field enhancement at “hotspots”.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The control of localized heating on micro- and nanoscales is
emerging as a powerful way of manipulating thermally activated
processes in medical therapy [1], ultrafast switching of phase-
change materials [2], nanowelding [3], and nanoscale chemical
interactions [4]. Realization of nanoscale thermal control usually
involves the assembly of a nanoscale electro-thermal system con-
sisting of nanowire or nanotubes [3,4]. Currently, this can only
be accomplished using expensive and sophisticated devices such
as thermal cantilevers, the atomic-force microscope and scanning
electron microscopy (SEM). Laser radiation can also be used for
nanoscale heating but this requires complex optical systems to
achieve the spatial resolution necessary for nanoscale processing
[5,6].

Recently, plasmonic nanomaterials or structures have been
reported to produce highly localized heat generation under laser
irradiation [7-10]. The heating in plasmonic nanomaterials and
structures is mainly attributed to the concentration of laser energy
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in hotspots where the electric field is enhanced due to localized
surface plasmon (LSP) [9,10]. Because the hotspots are localized
near the surface of these materials, nanoscale heating utilizing plas-
monic nanomaterials and nanostructures is promising. In addition
as the generation of hotspots, including the location and ampli-
tude of the electric field enhancement factor, depends on structure
geometry together with laser polarization [11,12], the nanoscale
laser heating process can be influenced through control of these
parameters.

Due to the high intensity in fs laser pulses and their short dura-
tion which minimizes heat conduction compared to longer pulse
lasers, fs laser irradiation is an efficient way to direct energy to
hotspots in plasmonic nanomaterials [13]. In this paper, we show
that fs laser irradiation with fluence as low as ~7.2 m]/cm? is effec-
tive in the localized heating and melting of individual Ag NPs
contained in extended plasmonic nanostructures. This fluence is
much lower than that previously reported (~110mJ/cm?) for fs
laser irradiation induced melting of Ag nanomaterials [9]. Under
these irradiation conditions, there is no apparent damage to Ag NPs
surrounding the selected plasmonic structure.

2. Experimental and simulation

Ag NPs with a ~2nm thick PVP coating were prepared fol-
lowing the method reported by Peng et al. [14]. Sodium citrate
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Fig. 1. Schematic of the experimental configuration.

(Na3CgHs507) aqueous solution (12ml, 200 mM) was added to
200 ml deionized water with vigorous stirring, followed by adding
polyvinylpyrrolidone (PVP, 2ml, 20 mM), [Ag(NH3),]* (2ml, 120
mM), and Ag seed (~5nm diameter, 0.4 ml, 1 mM) aqueous solu-
tion. Then ascorbic acid (CgHgOg) aqueous solution (10 ml, 10 mM)
was added drop-wise and the mixed solution was stirred for
30 min. The prepared Ag NPs solution were then centrifuged and
re-dispersed into deionized water to eliminate the residual PVP, Ag
seed, and other ions in the solution. Ag NPs films with NPs embed-
ded in the PVP matrix were obtained by immersing clean silicon
wafers into the re-dispersed Ag NPs solution and keeping them in
a dry environment (humidity <35%) to let the water evaporate. Ag
NPs films on silica glass were also prepared using a similar method
and then used for UV-vis absorption spectroscopic investigation.

The Ag NPs films were irradiated for up to 60s with fs laser
pulses (Coherent Inc., wavelength =800 nm, pulse duration=35fs,
repetition rate = 1 kHz) at average fluence (calculated by divide the
spot area with the pulse energy) ranging from ~3.6 mJ/cm? to
28.8 mJ/cm?2. The schematic of the experimental setup is shown
in Fig. 1. The morphology of the Ag NPs films in the irradiation
area before and after laser irradiation was characterized by SEM
(LEO 1550) and transmission electron microscopy (TEM, JEOL, JEM-
2010F). Commercial finite difference time domain (FDTD) software
(Lumerical Inc.) was used to simulate the distribution of hotspots
and the absorption in plasmonic Ag NPs structures during irradia-
tion with 800 nm laser light.

3. Results and discussions

The SEM images of Ag NPs film morphology before and after
laser irradiation are shown in Fig. 2. Due to the nature of the deposi-
tion process, these films had a non-uniform thickness distribution.
At their thickest point, the films contained ~6 layers of Ag NPs.
Fig. 2a-b shows that, before irradiation, most of the individual NPs
in these films had sizes between 20 and 80 nm with an average
size of 50 nm. Individual NPs were irregularly shaped as shown
in the inset in Fig. 2a. After irradiation for 10s (10,000 pulses),
at a fs laser fluence of ~7.2 mJ/cm? some spherical particles were
generated, as indicated by the dashed circles in the inset image
in Fig. 1c. The size distribution of these newly formed spherical
particles, averaged over 300 particles, is given in Fig. 2d. It can
be seen that large spherical particles having diameters between
80 and 160 nm appear after 10s laser irradiation. Particles in this
size range were not present before irradiation. The generation of
larger spherical particles suggests that fs laser irradiation under
these conditions produced efficient heating which caused the melt-
ing and subsequent coalescence of the original Ag NPs. Molecular
dynamic simulations and experimental observations of the solid-
state sintering behavior of NPs [15,16] has shown that sintered
NPs will not grow into larger sphere-like structures until the sin-
tering temperature approaches the melting point. No apparent
change was observed in either the morphology or size distribution

of these generated spherical particles when the irradiation time
was increased to 30 and 60s. As shown in Fig. 3, the size of the
large spherical particles is still in the 80-160 nm range after the
NP film was irradiated at a fluence of ~7.2 mJ/cm? for 30s (Fig. 3a
and b) and 60s (Fig. 3c and d). This indicates that the generation
of spherical particles does not depend on the irradiation time and
implies that other factors such as laser fluence and the localized
structure in the NP film may dominate the interaction.

Fig. 4 shows SEM images of the morphology in Ag NPs film irradi-
ated at different fluences for 10s. At 28.8 mJ/cm? (Fig. 4a), the NPs
in the irradiated film were melted and sintered due to the large
energy input, and the Si wafer shows the development of small
holes (see the arrows in Fig. 4b). These holes are the result of abla-
tion. Since this fluence is much smaller than the damage threshold
in Si (170 mJ/cm?) irradiated with a 25 fs pulse. [ 17], hole drilling in
the Si wafer can be attributed to an enhancement in the local laser
intensity as a result of multiple scattering [18]. At a laser fluence
of ~14.4m]J/cm?, spherical particles are also obtained and the size
distribution of these spherical particles is almost the same as that
in samples irradiated at a fluence of ~7.2 mJ/cm?2. The only excep-
tion is that a few slightly larger (160-220 nm) particles are also
generated (Fig. 4c and d). When the laser fluence was decreased
to 3.6 mJ/cm? (Fig. 4e), modification was not evident in the irradi-
ated NP films. These observations indicate that the generation of
spherical particles is influenced by the laser fluence, but there is no
direct correlation between laser fluence and the resulting size of
the spherical particles.

Enhancement in the local laser intensity due to multiple scatter-
ing, including speckle formation and sub-wavelength self-focusing
[18], was first considered as the origin of efficient heat gener-
ation leading to the melting of Ag NPs and formation of larger
size spherical particles. This might be expected to be important
in multiple-layer Ag NP films. For example, sub-wavelength self-
focusing of an incident laser beam was observed at the bottom
surface of a multiple layer ZnO NP film [18]. The laser inten-
sity in the self-focused beam was enhanced by a factor of 2.5.
In the present experiments, the enhancement factor was esti-
mated to be ~6. This value was obtained from the ratio of the
fluence (~28.8 mJ/cm?) consistent with producing visible damage
to the Si substrate in the present experiments to that reported
as the damage threshold (170 mJ/cm?) for irradiation of Si with
a 25fs pulse [17]. Based on this comparison, we conclude that
sub-wavelength self-focusing is not the primary source of the effi-
cient heating and melting of NPs found in the present experiments
[13].

To minimize the influence of sub-wavelength self-focusing, and
to investigate the underlying causes of efficient fs laser induced
localized heating, single-layer Ag NPs films were prepared and
irradiated under the same conditions. Fig. 5 shows SEM images of
the morphology of single-layer NPs films before and after 16 laser
pulses, which was the minimum number of overlapping pulses
needed to produce an observable change in the single layer Ag NP
film. These images show that larger spherical NPs can also be gener-
ated in single-layer NPs films after fs laser irradiation (as indicated
by arrows in Fig. 5b). This implies that multiple scattering induced
sub-wavelength self-focusing is not the source of the efficient heat-
ing effect resulting in melting of the original NPs. SEM observations
in the same area of the NPs film before (Fig. 5a) and after (Fig. 5b)
fs laser irradiation show that, a large spherical particle has been
created in the structure where 4 NPs were located (ring 1 in Fig. 5a
and b). This particle is shown in the inset image in Fig. 5b. Removal
of NPs from the PVP matrix leaves and outline of their original
positions (e.g. ring 2 in Fig. 5b). The inset image in Fig. 5b indi-
cates that 3 of the 4 adjacent Ag NPs coalesce into a larger particle
while the remaining NP was unaffected. This suggests that selec-
tive fs laser induced heating of Ag NPs is concentrated in certain



394 H. Huang et al. / Applied Surface Science 331 (2015) 392-398

0.6

(b)

frequency
: ° °
b i

T T
40 80 120 160 200
Particle diameter / nm

0.20

(d)

0.154

frequency

40 80 120 160 200
Particle diameter / nm

Fig. 2. SEM and TEM images of morphology for Ag NPs films on a Si wafer before and after irradiation, (a) SEM image of NP film before irradiation, the inset TEM image shows
the details of the NPs; (b) Size distribution of the NPs in the film before irradiation; (c) SEM image of NP film after irradiation at a fluence 7.2 mJ/cm? for 10's (10,000 pulses),
the inset image shows the formation of larger spherical nanoparticles; (d) Size distribution of the spherical particles in the film after irradiation.

structures where the absorption of laser pulse energy is enhanced,
and that this heating occurs without apparent damage to the NPs
surrounding these structures. This is consistent with the observa-
tion that spherical particles with diameters of ~76, 83 and 100 nm
are located close to structures in which 3, 4 and 7 NPs were absent
after laser irradiation (dashed rings in Fig. 5¢ and e, respectively).

The number of Ag NPs removed was estimated from the SEM images
(Fig. 5). The area, S, of the removed structure is S=(1/a)nrR? where
« is the filling factor for the NPs in the structure, n is the number of
NPs, and R=25 nm is the average NP radius. Volumes calculated for
the resulting spherical particles correspond almost exactly to the
sum of the volumes of the particles removed from the PVP matrix.
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Fig. 3. Morphology and size distribution as determined from SEM imaging of spherical particles in NP films after fs laser irradiation at a fluence of ~7.2 mJ/cm?. (a and b)

30s exposure, (c and d) 60 s exposure.
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Fig. 4. SEM images of the morphology and size distribution of spherical particles generated in NP films following fs irradiation for 10s at different fluences. (a and b)

28.8 mJ/cm?, (c and d) 14.4 m]/cm?, (e) 3.6 m]/cm?.

The removal of NPs is likely due to fs laser irradiation induced
ablation of the NPs and/or the PVP shell around these particles
[19-21]. It should be noted that ions/electrons produced in the
initial stages of the ablation process can increase the absorp-
tion of fs laser energy [22,23], leading to enhanced heating of
the NPs.

Another characteristic of the laser interaction is that Ag NP
dimers whose long axis is parallel to the direction of laser polar-
ization (as indicated by the double ended arrows in Fig. 6) tend to
be removed from the PVP matrix. Individual isolated NPs are not
removed under these conditions (Figs. 5b—e and 6). This effect, and
the dependence on laser polarization and local structure are similar
to the polarization-dependent generation of LSP-induced hotspots
which enhances the local electric field. This suggests that the effi-
cient heating of NPs in these films can be attributed to LSP-induced
hotspots.

FDTD simulations have been carried out to identify the loca-
tion of hotspots in Ag NP structures containing 2, 3, 4 and 7 NPs
as indicated by the SEM observations (Fig. 5), and to study the
effect of LSP-induced hotspots on the heating of NPs and the for-
mation larger spherical particles in specific structures. Aggregates
containing 5 and 6 NPs are not considered, because they are not
close-packed structures and are rarely seen in the Ag NP films. A
schematic of the simulation geometry is shown in Fig. 7a, where

Ag NPs are supported on a Si wafer with 2 nm thick oxide layer.
For simplification, all the NPs were taken to be spherical with a
diameter of 50 nm and irradiation occurs in air. The gap distance
between adjacent NPs was set to the 8(+2) nm which was an aver-
age value of gap distance obtained from 200 measurements using
SEM images. The distribution of the E? field component in the XY
plane at the half height of the NP is recorded in the simulations.
Fig. 7 shows the calculated hotspot distribution in a variety of struc-
tures. These are indicated by the bright red and yellow regions,
while the bold dark red rings outline the NPs. It is evident (Fig. 7b)
that the maximum enhancement (~10) in the quadratic electric
field, E2, in the hotspots in single NPs occurs in the direction of
the laser polarization. The same enhancement (~10) is seen in an
Ag NP dimer when the laser polarization is perpendicular to the
long axis (Fig. 7c). The low electric field enhancement in these
hotspotsis consistent with reduced laser induced heating and emis-
sion of electrons and ions from the NPs and the PVP shell, and with
the observation that isolated single NPs or NPs dimers with their
long axis perpendicular to the laser polarization direction were
not removed from the irradiated PVP matrix (Fig. 6). The simu-
lations indicate that the field enhancement (~40) is much greater
in Ag NP dimers with their long axis parallel to the direction of
laser polarization (Fig. 7d). As proposed by Xu et al. [24], the effect
of this enhancement is to cause the NPs to move towards each
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Fig. 5. SEM images of the morphology for single layer NP films before and after irradiation with 16 fs laser pulses at 7.2 mJ/cm?. (a) Before irradiation; (b) After irradiation
of film in (a). The arrows show the generation of spherical particles while the double-ended arrow in the inset image shows the direction of the laser polarization. The
dashed rings 1 and 2 show the area where NPs were ejected, and the inset image shows a magnified view of the circular area 1; (c, d, e) Spherical particles generated near
NP assemblies containing 3, 4 and 7 NPs. The double ends arrows show the direction of laser polarization.

other. The attractive force is shown with single ended arrows in
Fig. 7. This attraction facilitates the coalescence of NPs and initi-
ates the formation of larger spherical particles. The electric field
enhancement and the proposed movement of the NPs in other
structures are shown in Fig. 7e-g.

To determine how the presence of hotspots may contribute to
the efficient heating of NPs via enhanced laser energy absorption,
we estimate the minimum absorption efficiency, Q s, that must be
achieved to melt Ag NPs using equations where Q,ps = Eaps/Einc and
Ejps=n [(4/3)71R3,0(C AT +Hp )] . Einc =FA is the total laser energy
incident on the structure, where F=72]J/m? is the laser fluence and
A is the effective absorption area of the structures as outlined in
Fig. 7. E;ps is the energy required to completely melt the Ag NPs
in a structure containing n NPs, while R is the NP radius, p is the
density, Cis the heat capacity, and Hy, is the latent heat of fusion.
Taking R=25nm for an Ag NP, p=1.0 x 10* kg/m3, C=230]/kg°C
and Hy, =1.05 x 10° J/kg, we find that the minimum absorption effi-
ciency, Q.ps, required to produce melting (AT=940°C) in these
structures is >0.7. The maximum temperature that the particle
can reach is estimated to be ~993°C if all the incident laser radi-
ation is absorbed. Depression of the melting temperature is not

considered here because this is not significant for 50 nm Ag NPs
[25,26]. High absorption efficiencies for NPs as calculated here are
usually only obtained when the LSP of the structure is in resonance
with the incident laser polarization and wavelength [27]. However,

Fig. 6. Laser polarization dependent ejection of NP dimers in a single layer NP film
after irradiated by 16 fs laser pulses at a fluence of 7.2 mJ/cm?2. The double ended
arrows show the long axis of the NP dimer.
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Fig. 7. Simulated quadratic electric field (E2) distribution in Ag NPs structures assembled from 50 nm NPs. (a) Schematic of simulation setup, a dimer structure is taken as
an example; (b-g) Hotspots distribution in Ag NPs structures with different number of particles. The hotspots are located in the bright red and blue area. The double-end
arrows show the electric field direction of the incident laser. The single-end arrows show the proposed motion of NPs. The gap between the NPs is set to be the measured

average distance of 8 nm.

the measured absorption spectrum (Fig. 8) clearly shows that no
resonance occurs at 800 nm in the Ag NP structures at low inci-
dent intensity. This is also supported by the calculated absorption
spectrum based on the FDTD simulation (inset in Fig. 8). Some dif-
ferences between the experimental and calculated spectrum are
observed at wavelengths near 550 nm. This difference likely arises
because the NPs in the simulation were assumed to be spherical and
embedded in air, while in reality the NPs are irregular and are
coated with a ~2 nm thick PVP layer. The temperature rise in indi-
vidual NPs is estimated in the usual way based on the measured
absorbance (=0.1 at 800 nm wavelength). Then 0.1 =In(Iy/I) where
Iy is the incident light intensity and I is the intensity of the light
after passing through the NP film. The measurements show that
the absorption efficiency is <0.1 which is much smaller than the

minimum absorption efficiency ~0.7 required to produce melting.
As a result, the temperature rise of the NPs is <140°C which is
much lower than the melting temperature of Ag. This shows that
the observed efficient heating and melting of Ag NPs is not pri-
marily due to the LSP resonance itself, but likely occurs because of
enhanced absorption arising from increased excitation of ions and
electrons produced from the decomposition of PVP on the surface of
Ag NPs in the vicinity of hotspots as reported previously [22,23,28].
However, the generation of the LSPs is important in the initial stages
of the laser NP interaction, as LSP induced hotspots act to facil-
itate and enhance coupling of fs radiation into these structures.
Additional laboratory and theoretical studies are needed to bet-
ter understand the origin of the absorption enhancement in these
systems.
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Fig.8. Measured absorbance of Ag NPs film, the inset image is the calculated absorp-
tion spectrum of the structures containing 2, 3, 4, 7 NPs.

4. Conclusions

In this work, we show that Ag NPs in specific symmetric plas-
monic structures can be efficiently heated up to their melting
point when irradiated with very low fs laser fluence (~7.2 mJ/cm?).
Enhanced coupling and efficient heating was strongly dependent
on the geometry of these NPs structures and laser polarization. This
selective heating effect was found to be most evident in clusters of
2,3, 4 and 7 Ag NPs. FDTD simulations and measured absorption
spectra indicate that the efficient heating and melting of NPs in
these structures was triggered by LSP-induced hotspots. The overall
effect is strongly dependent on the orientation of laser polarization
in relation to the symmetry axis of selected structures.
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